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To evaluate the reactivity of the recombinant proteins expressed in Escherichia coli strain BL21(DE3), a 
Western blot assay was performed by using a panel of 78 serum samples obtained, respectively, from conva- 
lescent-phase patients infected with severe acute respiratory syndrome-associated coronavirus (SARS-CoV) 
(30 samples) and from healthy donors (48 samples). As antigen for detection of SARS-CoV, the nucleocapsid 
protein (N) showed high sensitivity and strong reactivity with all samples from SARS-CoV patients and 
cross-reacted with all serum samples from healthy subjects, with either those obtained from China (10 
samples) or those obtained from France (38 serum samples), giving then a significant rate of false positives. 
Specifically, our data indicated that the two subunits, S1 (residues 14 to 760) and S2 (residues 761 to 1190), 
resulted from the divided spike reacted with all samples from SARS-CoV patients and without any cross- 
reactivity with any of the healthy serum samples. Consequently, these data revealed the nonspecific nature of 
N protein in serodiagnosis of SARS-CoV compared with the S1 and S2, where the specificity is of 100%. 
Moreover, the reported results indicated that the use of one single protein as a detection antigen of SARS-CoV 
infection may lead to false-positive diagnosis. These may be rectified by using more than one protein for the 
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serodiagnosis of SARS-CoV. 


The severe acute respiratory syndrome (SARS) is a viral 
infectious disease caused by the human SARS-associated corona- 
virus (SARS-CoV) (5, 17, 20). 

The SARS-CoV is an enveloped positive-stranded RNA vi- 
rus with a genome of about 29.740 kb in length (2, 9). Its 
genomic organization is typical of that of coronaviruses, but 
the phylogenetic analysis and sequence comparison show that 
SARS-CoV is not closely related to any of the previously char- 
acterized coronaviruses with only an approximate 25 to 30% 
identity (23). In addition to the nonstructural proteins, the 
SARS-CoV genome encodes four structural proteins: enve- 
lope, membrane glycoprotein, nucleocapsid (N), and spike (S) 
(19). Each of these proteins plays a key role in the virus 
infection cycle and pathogenicity, especially the two major 
structural proteins such as nucleocapsid and spike proteins (7, 
13, 14, 15). 

Spike, a major structural glycoprotein of coronaviruses, is 
cleaved for many of them into two noncovalently associated 
subunits: S1 and $2 (15). The distal subunit (S1) contains the 
receptor-binding domain, which interacts with a cellular recep- 
tor ACE2 (angiotensin I converting enzyme 2), and the mem- 
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brane-anchored subunit $2 contains a putative internal fusion 
peptide inducing membrane fusion to allow viral entry into a 
susceptible target cell. However, this phenomenon of cleavage 
is not yet clear for the spike of SARS-CoV (10, 15). The S 
protein is a main surface antigen, a factor of virulence, and a 
major neutralizing antigen capable of inducing protective im- 
munity and eliciting immune responses during viral infection 
(3, 9, 10, 12, 24, 33, 34). For the known coronaviruses, the spike 
protein is recognized by antibodies to SARS-CoV, and it is 
considered one of the candidate antigens for the detection of 
SARS-CoV, owing to its high antigenicity (11). 

The nucleocapsid protein appears to be the more conserved 
antigen among other viral structural proteins (6, 36) and is 
involved in important functions, such as the formation of he- 
lical nucleocapsid during the viral life cycle, and it has also 
been reported to activate the AP1 (activator protein1) signal 
transduction pathway (26). In addition to its physiological and 
structural roles, the nucleocapsid protein appears to be the 
major immunogenic antigen. Nucleocapsid protein is abun- 
dantly expressed during viral infection and is readily recog- 
nized by acute-phase sera from SARS patients and by T cells 
on the infected cell surface (4, 21, 25, 37). In addition, the 
involvement of N protein in the generation of primary humoral 
immune response was suggested (1, 28). 

Antigenicity studies in other coronaviruses indicated that 
the N protein is one of the immunodominant antigens that 


AYVHEIT VNOZINV JO ALISHAAINN Aq SL02 ‘OF Ainr uo /Bso"Wise1Ao//:dyy Wo. papeo|UMog 


410 MAACHE ET AL. 


CLIN. VACCINE IMMUNOL. 


TABLE 1. Primers used for amplification of genes coding for $1, $2, and N recombinant proteins 


Gene Residues Primers (5'-3')* Cloning sites 
S1 14-760 TCTCTCTCTAGAATGGACCTTGACCGGAGCACCAC Xbal 
CTCTCTGGATCCTTAGTGGTGATGGTGATGGTGAGAACCCCTCATTGT BamHI 
GTTGCGATCCTGTTCAGCAATACC 
$2 761-1190 TCTCTCTCTAGAATGCGTGAAGTGTTCGCTCAAGTC Xbal 
TCTCTCGGATCCTTAGTGGTGATGGTGATGGTGAGAACCCCTCATTTG BamHI 
CTCATATTTTCCCAATTCTTG 
N 1-1305 TCTCTCTCTAGAATGTCTGATAATGGACCCCAATCAAACCAACGTAGTGC Xbal 


CTCTCTGGATCCTTAGTGGTGATGGTGATGGTGAGAACCCCTCATTGC 


BamHI 


CTGAGTTGAATCAGCAGAAGCTCCA 


* Boldface type indicates restriction enzyme sites. 


induce cross-reactive antibodies in high titers, whereas the S 
glycoprotein induces the serotype-specific and cross-reactive 
antibodies (21, 25). 

Early detection and identification of SARS-CoV-infected 
patients is absolutely critical to prevent another SARS-CoV 
outbreak and the spread of SARS. However, the choice of a 
suitable system for the epidemiological study may allow an 
effective survey and control of the already infected and conva- 
lescent-phase patients. In this study, and by using Western blot 
assays, our results revealed that the S1 and S2 subunits of spike 
protein reacted only with confirmed positive serum samples 
and without any cross-reactivity with any of the healthy donors, 
which indicated that the $1 and S2 proteins are specific anti- 
gens for the diagnosis of SARS-CoV. The nucleocapsid protein 
has been reported to be a sensitive marker for the serodiag- 
nosis of SARS-CoV (8). However, our results, while confirm- 
ing its high sensitivity, also showed the nonspecific nature of 
this protein and indicated that the N protein reacted strongly 
to all healthy serum samples, giving a significant rate of false 
positives. In addition, the use of one single antigen for the 
detection or diagnosis of SARS-CoV gives limited information 
and might lead to false-positive results. Therefore, this study 
provides very useful information for choosing a suitable anti- 
gen system for the serodiagnosis of SARS-CoV infection. 


MATERIALS AND METHODS 


RNA extraction. RNA extraction was performed in a biosafety level 3 labora- 
tory. RNA was extracted directly from plasma samples according to the manu- 
facturer’s instructions by using the miniMAG viral RNA mini kit (NucliSens 
bioMérieux, Boxtel, The Netherlands). 

Constructions of plasmids for expression of S1, S2, and N genes of SARS-CoV. 
(i) Spike protein. After computer analysis to predict and delete hydrophobic 
regions (hydrophobic cluster analysis), the spike protein of SARS-CoV (urbani 
strain) was divided into the S1 (residues 14 to 760) and S2 (residues 761 to 1190) 
subunits because the complete protein could not be well expressed in Escherichia 
coli strain BL21(DE3) (Novagen, Merck Eurolab, Fontenay Sous Bois, France). 

By using reverse transcription and PCR (Invitrogen, Cergy-Pontoise, France) 
with a specific pair of primers (Table 1), the genes encoding the S1 and S2 
proteins were amplified. Both expected fragments coding for $1 and S2 were 
digested with XbalI/BamHI and separately cloned into the expression plasmid 
pET21b opened with the same restriction enzymes to generate the expression 
vectors pET21b-S1 and pET21b-S2. 

(ii) Nucleocapsid protein. The complete gene coding for N protein was am- 
plified by using reverse transcription-PCR (Invitrogen, Cergy-Pontoise, France) 
and specific primers (Table 1). After being digested with Xbal/BamHI, the PCR 
product coding for the N protein was inserted into the expression vector digested 
with the same enzymes to generate the expression vector pET21b-N. 

The three inserts coding for the three proteins were sequenced to confirm the 
exactness of the $1, S2, and N protein sequences and proper in-frame ligation. In 
addition, all proteins were expressed as C-terminal His, tag proteins to facilitate 


their purification by using Ni?*-nitrilotriacetic acid (NTA) agarose resin (QIAGEN 
S.A., Courtaboeuf, France). 

Expression and purification of recombinant S1, S2, and N proteins. The three 
expression vectors pET21b-S1, pET21b-S2, and pET21b-N were separately 
transformed into Escherichia coli strain BL21(DE3) (Novagen, Merck Eurolab, 
Fontenay Sous Bois, France). The transformed BL21(DE3) host cells were 
incubated for 6 to 8 h at 37°C in 4 ml of Luria-Bertani (LB) medium broth 
(bioMérieux, Lyon, France) containing 100 pg/ml of ampicillin (Roche Diagnos- 
tics, Meylan, France) as an antibiotic. The cultures were then diluted 1:25 
(vol/vol) in LB medium and incubated overnight at 37°C under agitation (225 
rpm). After overnight growth, the cultures were diluted with LB medium 1:50 
(vol/vol), and after being shaken, the cells grew to an optical density at 600 nm 
of 0.6 to 0.8. For expression, IPTG (isopropyl-B-p-thiogalactopyranoside) was 
added to a final concentration of 1 mM and then the bacteria were incubated at 
37°C at 250 rpm for an additional 4 to 5 h, followed by centrifugation at 3,200 x 
g for 15 min to get the cell pellets. The pellets were suspended separately in 10 
ml of 20 mM Tris/HCl buffer (pH 7.4) containing 200 mM NaCl, 100 mM PMSF 
(paramethyl sulfonyl fluoride), 1 mM Benzonase, and 5 mM B-mercaptoethanol, 
and lysed by sonication with an ultrasonic processor (Mi-sonix, Inc., Farming- 
dale, N.Y.). The resulting lysates were centrifuged at 10,400 x g for 13 min at 
4°C. In addition, the pellets and the supernatants were analyzed by 12% SDS- 
PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). All three 
recombinant proteins expressed in E. coli BL21(DE3) mainly formed inclusion 
bodies and released limited soluble forms in the cytoplasm. Consequently, the 
recombinant proteins could not be purified directly from the soluble fractions. 
To obtain a high protein yield and to facilitate their purification, the bacterial 
pellets were treated separately with 50 mM sodium phosphate buffer (pH 8.0) 
containing 300 mM NaCl, 5 mM B-mercaptoethanol, and 8 M urea for $1 and N 
and 6 M guanidine for S2, followed by a strong probe sonication to completely 
dissolve the inclusion bodies. After centrifugation at 10,400 x g for 13 min at 4°C, 
the supernatants were applied separately to Ni2*-NTA resin equilibrated with 5 
volumes (5 ml/ml) of binding buffer (50 mM Na,HPO,/NaHPO,, 300 mM NaCl, 
1 mM PMSF, 5 mM §£-mercaptoethanol, and 8 M urea) (pH 8.0) at room 
temperature. For the three proteins, the columns were then washed successively 
with 10 volumes of binding buffer containing 20 mM imidazole. In the case of the 
polyhistidine-tagged S1 and S2 proteins, the elution was finally performed with 
20 mM Tris-HCl (pH 7.4) containing 100 mM imidazol, 300 mM NaCl, and 1 
mM PMSF. However, the tagged N protein was eluted with sodium phosphate 
buffer (pH 4.0) containing 8 M urea. To eliminate imidazole, the eluates were 
dialyzed overnight against 50 mM sodium phosphate buffer (pH 8.0). The high 
purity of purified proteins was analyzed by SDS-PAGE and confirmed by West- 
ern blot assay. 

Verification of the expressed and purified S1, S2, and N proteins by using 
SDS-PAGE and Western blot analysis. The Western blot analysis was performed 
to verify the protein expressions and antigenicity and, principally, to test the 
sensitivity of the purified recombinant S1, $2, and N proteins to the human 
convalescent-phase serum samples with SARS-CoV. The recombinant proteins 
were separated by 12% SDS—PAGE, and the protein bands were then trans- 
ferred electrophoretically to nitrocellulose membranes (Whatman, Gerber- 
shausen, Germany). The membranes were subsequently blocked in blocking 
buffer (phosphate-buffered saline, pH 7.4, 0.1% Tween 20, and 5% skim milk) 
and probed at room temperature for 1 h with rabbit anti-SARS-CoV polyclonal 
antibody or with anti-His-tagged monoclonal antibody raised in mouse. After 
being rinsed for 20 min in phosphate-buffered saline containing 0.05% Tween 20, 
the bound antibodies were detected either with anti-rabbit or with anti-mouse 
immunoglobulin G (IgG) conjugated with alkaline phosphatase at a dilution of 
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FIG. 1. Expression of the SARS-CoV S1, S2, and N recombinant 
proteins. SDS-PAGE and Coomassie blue staining of the expressed 
SARS-CoV S1, S2, and N recombinant proteins in E. coli BL21(DE3) 
after the IPTG addition are shown in panels A, B, and C, respectively. 
The arrows indicate the expressed recombinant S1 (74 kDa), S2 (47 
kDa), and N (49 kDa) proteins. Protein markers (M), cell lysate pellets 
(lanes Al, B1, C1), and cell lysate supernatants (lanes A2, B2, C2) of 
the S1, S2, and N proteins, respectively, are shown. 


1:10,000. The immunoprecipitated bands were developed by using a substrate 
mixture of O-dianisidine tetrazotized and beta-naphthyl acid phosphate (Sigma- 
Aldrich, Lyon, France) in borate buffer (pH 9.5) or with horseradish peroxidase- 
conjugated secondary antibody (Sigma-Aldrich, Lyon, France) followed by 
chemiluminescence reagents (Amersham Biosciences Europe GmbH, Orsay, 
France) and exposed to X-ray film for 1 to 3 min. To test the serum reactivities, 
the Western blot assay was performed in a biosafety level 3 laboratory by using 
the purified His,-tagged recombinant S1, S2, and N proteins. After being loaded 
separately into each continuous well of 12% SDS-PAGE, the purified recombi- 
nant proteins were electroblotted onto a nitrocellulose membrane. The blot was 
cut into strips, and the strips were incubated separately with each of 78 serum 
samples diluted 1:1,500 for 5 h. The incubation with peroxidase-conjugated 
secondary anti-human antibody (1:10,000) and the strips revelation were per- 
formed by following the protocol detailed above. 

Specimens and patients. A panel of 78 serum samples was used in a Western 
blot assay. This panel includes 30 convalescent-phase serum samples from Bei- 
jing and inner Mongolia (collected 20 to 25 days after disease onset) obtained 
from the Chinese Center of Disease Control and Prevention (Beijing, China) and 
confirmed for SARS-CoV infection clinically by the World Health Organization 
criteria (World Health Organization case definition of surveillance of severe acute 
respiratory syndrome [http:/Avww.who.int/CSR/SARS/casedefinition/en/]) and 10 
serum samples obtained from healthy Chinese donors provided by the same center. 
In addition, another 38 negative serum samples were purchased from EFS 
(Etablissement francais du sang, Lyon, France), corresponding to healthy French 
donors and collected 2 years before the outbreak of SARS. 

Rabbit anti-SARS-CoV polyclonal antibodies were prepared by immunizing 
rabbits with the SARS-CoV and were kindly provided by Sanofi-Pasteur (Marcy 
YEtoile, Lyon, France). All serum samples were stored at —80°C until use. 
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RESULTS 


Expression and purification of recombinant S1, S2, and N 
proteins. SDS-PAGE analysis of cell extracts from strains pro- 
ducing recombinant S1, S2, and N proteins revealed that the 
three proteins were successfully and abundantly expressed af- 
ter IPTG addition. The size of each protein approximately 
corresponds to the predicted molecular mass, which were de- 
termined to be about 74 kDa, 47 kDa, and 49 kDa for the 
S1, S2, and N proteins, respectively (Fig. LA, B, and C). The 
expression of recombinant S1, $2, and N proteins was con- 
firmed by a Western blot analysis showing a positive reaction 
against monoclonal antihistidine antibody at the level of the 
expected molecular mass (Fig. 2A). By using Ni*‘-NTA resin, 
the recombinant polyhistidine-tagged proteins were success- 
fully purified, and as expected, the SDS-PAGE analysis showed 
that each single pure band corresponded to the predicted size of 
the S1, S2, and N proteins (Fig. 2B). Antigenicity analyses of 
purified proteins were performed and confirmed by Western 
blot assay against SARS-CoV polyclonal antibodies raised in 
rabbits, as shown in (Fig. 2C) where the recombinant proteins 
reacted strongly. According to our finding, different recombi- 
nant SARS-CoV proteins may be used for the diagnostic test 
of SARS-CoV infection. However, the effectiveness of each 
protein depends on its specificity. 

Western blot performance of recombinant purified S1, S2, 
and N proteins against SARS-CoV and healthy serum. The 
analysis of 78 serum samples by Western blot (Table 2) showed 
that almost all convalescent-phase specimens with SARS-CoV 
developed antibodies against the purified recombinant S1, S2, 
and N proteins. However, the degree of reactivity varied ac- 
cording to the antigen and the serum sample. 

The results revealed that the S1 protein showed strong 
immunoreactivity (+++) with 21 of 30 serum samples, mod- 
erate immunoreactivity (++) with 4 of 30 samples, and weak 
immunoreactivity (+) with 5 of 30 samples. In addition, no 
signal (—) was observed with any negative serum samples from 
healthy donors, neither with those obtained from China (10 
serum samples) nor with those obtained from France (38 se- 
rum samples) (specificity of 100%). The S2 protein showed 
strong reactivity (+++) with 16 of 30 samples, moderate re- 
activity (++) with 6 of 30 samples, weak reactivity (+) with 4 
of 30 samples, no signal (—) with 4 of 30 samples (sensitivity of 
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FIG. 2. Expression and purification of SARS-CoV S1, S2, and N recombinant proteins. (A) Western blot analysis of the expressed SARS-CoV 
S1, $2, and N recombinant proteins performed by using Hisg-tagged monoclonal antibody. Protein markers (M) and cell lysate pellets of the 
expressed S1 (74 kDa), S2 (47 kDa), and N (49 kDa) proteins (lanes Al, A2, A3, respectively) are shown. (B) Purity of purified proteins analyzed 
by SDS-PAGE and Coomassie blue staining. Protein markers (M) and purified $1, $2, and N proteins (lanes B1, B2, B3, respectively) are shown. 
(C) Western blot analysis of purified recombinant proteins detected by polyclonal antibody to SARS-CoV raised in rabbits. Protein markers 
(M) and purified $1, $2, and N proteins (lanes C1, C2, and C3, respectively) are shown. 
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TABLE 2. Individual reactivity of serum samples obtained from 
convalescent-phase patients with SARS-CoV infection against S1, 
$2, and N recombinant proteins by Western blot assays* 


Serum Reactivity with recombinant protein 


sample 
no. si? $2? Ne 


OMADMSPWNYNH 


Pte tet te teetettetteetettes 


lL ++ | 


Ww 
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* Table represents only the immunoreactive patterns shown by the confirmed 
convalescent-phase patients with SARS-CoV (30 serum samples). +++, strong 
immunoreactivity; ++, moderate immunoreactivity; +, weak immunoreactivity; 
—, negative (no signal was observed). 

» No cross-reactivity (—) was shown with any of the healthy serum samples in 
western blot assay based on recombinant S1 and S2 proteins. 

© Western blot assay based on N recombinant protein showed a moderate 
reaction (++) with all serum samples from healthy donors from France (38 
serum samples) and from China (10 serum samples). 


86.6%), and no cross-reactivity (—) with any of healthy serum 
samples (specificity of 100%). For the nucleocapsid protein 
(N), the results demonstrated that this protein evoked a strong 
immunoreactivity (+++) with 28 of 30 serum samples and 
moderate immunoreactivity (++) with 2 of 30 samples. In 
addition, we have found that the recombinant N protein also 
reacted either with all healthy serum samples obtained from 
China (10 of 10 samples tested) or with all those obtained from 
healthy French donors (38 of 38), giving then false-positive 
results. Hence, reacting with all negative serum samples indi- 
cated the nonspecific nature of recombinant N protein, which 
is not the case when using both recombinant S1 and S2 pro- 
teins as diagnostic antigens. 

The band intensities of three recombinant proteins against the 
same serum tested indicated that both S1 and N proteins gener- 
ally showed an equivalent and a stronger reactivity (+++) than 
S82, except for positive serum samples (no. 22 and 23) where the 
intensity of the reaction against $2 protein is higher (+++) 
than that showed in the case of N (++) and S1 (+ +) proteins. 
For the other positive serum samples (no. 25, 26, 29, and 30), 
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the reactivity is high (+++), moderate (++), and negative 
(—) against N, S1, and S2, respectively. These results indicate 
that the S1 (100% of sensitivity) and N (100% of sensitivity) 
proteins are more sensitive than the S2 subunit (86.6% of 
sensitivity). However, S1 and $2 recombinant proteins (100% 
of specificity) are much more specific than N recombinant 
protein (0% of specificity) with the tested sera. 


DISCUSSION 


To evaluate the specificity and sensitivity of each recombi- 
nant protein produced in Escherichia coli BL21(DE3) and the 
diagnostic efficacy of Western blot assay for SARS-CoV, we 
used a total of 78 serum samples, where 30 sera were obtained 
from convalescent-phase patients with SARS-CoV infection, 
10 sera were collected from healthy Chinese donors, and other 
38 healthy serum samples obtained from healthy French do- 
nors. 

Because of the difficulties in expressing the full-length pro- 
tein and according to computer analysis, the predicted hydro- 
phobic cluster was deleted and the spike glycoprotein was 
divided in two portions called S1 and S2. Separately, the two 
portions of spike were expressed abundantly in E. coli strain 
BL21(DE3). By using Western blot assay, the expressed pro- 
teins showed high antigenicity and have been shown to be 
recognized by antibodies to SARS-CoV raised in rabbits and 
by convalescent-phase patient serum samples infected with 
SARS-CoV. 

With regard to the nucleocapsid, the full-length protein was 
expressed in E. coli BL21(DE3). As with the spike protein, 
the nucleocapsid was recognized by antibodies raised against 
SARS-CoV and collected during the convalescent phase of 
infection from patients infected with SARS-CoV, indicating 
that the N protein is also antigenic. 

The Western blot analysis revealed that almost all convales- 
cent-phase patients had antibodies against S1 and S2. By com- 
paring the reaction intensities of the two subunits of spike, we 
found that S1 showed a stronger immunoreactivity than S2. 
Therefore, some serum samples that reacted strongly to the S1 
domain did not recognize or reacted weakly with the S2 do- 
main. This may be due either to the antigenic dependence 
conformation of the $2 and S1 domains or to the high anti- 
genicity of the S2 protein. These observations are consistent 
with previous findings that the full spike protein of SARS-CoV 
contains multiple linear immunodominant sites that are capa- 
ble of inducing site-specific antibody responses during infec- 
tion (10). In addition, the S1 protein appears with six antigenic 
sites, whereas only two antigenic sites are located in 82 (8, 35). 
Both S1 and S2 reacted with different convalescent-phase sera, 
and no reactivity was shown with any of healthy serum samples, 
which indicated that the S1 and S2 are specific antigens, in 
particular the S1 protein, owing to its reactivity to all positive 
sera (30 of 30 samples) and the existence of the major immuno- 
dominant epitope (residues 528 to 635 of S1), as proven by He 
and coworkers (10). The comparison study of the reactivity of 
serum samples obtained from convalescent-phase patients 
against S1 and S2 may provide useful information for the 
serodiagnosis of SARS-CoV and indicated that the S1 portion 
could be a primary and primordial target for the specific anti- 
bodies which could be induced abundantly and persist for a 
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FIG. 3. Western blot analysis showing an example of cross-reac- 
tivity by serum samples from healthy donors to N protein. Lanes 1 to 
6 show strips that were incubated with serum samples from healthy 
donors; lane 7 shows a strip incubated only with the peroxidase-con- 
jugated anti-human IgG as a secondary control. 


long time. The entire spike protein is a major requirement for 
the induction of protective immunity, and this property is prob- 
ably associated with S1, as is the case for other coronavirus 
strains such as infectious bronchitis virus (15, 18, 35). These 
results strongly suggest that S1 is a specific antigen and could 
be the ideal marker for the diagnosis of SARS-CoV infection. 

The high sensitivity of N protein in detecting antibodies to 
SARS-CoV may be due to the abundance of IgG anti-N which 
is the first and most abundantly released immunoglobulin dur- 
ing the acute and convalescence phases of disease (22, 25). In 
addition, the N protein is considered free of glycosylation; 
subsequently, its immunogenicity is not modified during ex- 
pression in a prokaryotic system. On the other hand, spike is a 
major viral component protein with 24 glycosylation sites 
which may affect its immunological characteristics (31). The 
analysis of Western blot assay based on recombinant N protein 
revealed that all healthy serum samples cross-reacted with N 
protein. Thus, we suspected that the cross-reactivity may be 
due to various factors. Among them, we can first highlight the 
serum origin (China). We supposed that the healthy donors 
from China could be in contact with SARS-infected patients or 
with people with SARS contact history. However, the use of 
serum samples obtained from healthy French donors who had 
never been in a risk area and were collected 2 years before the 
outbreak of SARS did not affect the profile reactivity and 
indicated that the N protein reacted to all healthy serum sam- 
ples with moderate protein band intensities, such as that ob- 
served for SARS-CoV-related serum samples (Fig. 3). Second, 
we suspected the high amount of antigen used to perform the 
Western blot analysis. However, when reducing the quantity of 
protein, we noted that the cross-reactivity with healthy serum 
samples still persists, independent of the quantity of protein 
used in the Western blot assay. Finally, we speculated about 
the integrity and the purity of the recombinant N protein. We 
supposed that the protein may be altered during the expression 
or purification process. However, mass spectrometry analysis 
(data not shown) indicated that the N protein was pure and 
corresponded to the mass of the nucleocapsid protein of 
SARS-CoV. The false-positive results with healthy donor se- 
rum samples may be explained as follows. First, there is sero- 
logical cross-reactivity with other known coronaviruses such as 
human coronavirus OC43 (HCoV-OC43) and human corona- 
virus 229E (HCoV-229E). Indeed, the nucleocapsid is the most 
conserved antigen among other structural proteins of corona- 
viruses (9, 32). Previous reports expected that the antibodies 
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against these human coronaviruses (HCoV-229E and HCoV- 
OC43) are widespread in the human population, which could 
produce a cross-reactivity in SARS diagnosis (16). Second, 
there is cross-reactivity with an eventual undetected pathogen 
or with human tissue antigens where N protein may share 
sequence homologies. Third, the positive reaction may be due 
not only to cross-reactivity with known coronaviruses or with 
other undetected pathogens but to the avidity of IgG to re- 
combinant nonglycosylated protein, knowing well that the N 
protein is a nonglycosylated protein (29). 

The false-positive results are not limited to the diagnosis of 
SARS-CoV strain but they have also been detected in the 
diagnosis of other coronavirus strains like HCoV-OC43 and 
HCoV-229E by using the nucleocapsid protein as the diagnos- 
tic antigen (30). In this way, our results are consistent with 
others in the literature that the use of N protein in the diag- 
nosis of SARS-CoV could produce false-positive results. In 
addition, Guan and coworkers demonstrated that the N protein 
of corona- 
viruses reacted to 15 of 18 healthy serum samples used as 
negative controls (8). 

The nucleocapsid was reported to be a sensitive marker for 
SARS-CoV detection (27). The data obtained in this study 
confirm its high sensitivity but also revealed the nonspecific 
nature of the N protein. Moreover, the false-positive rate of 
the antibodies to N protein showed by immunoblot assay was 
significantly high, which might pose problems for serodiagno- 
sis, epidemiological survey, and control of SARS-CoV. Thus, 
we suppose that the use of one single antigen, such as N 
protein, remains insufficient and does not appear to provide 
good and trustworthy diagnostic information. We suggest that, 
if it is necessary to use N recombinant protein to diagnose 
SARS-CoV infection, owing to its high sensitivity, it is impor- 
tant to identify the main immunoreactive N epitope instead the 
complete N protein, to obtain a better specificity. In addition, 
it is preferable to improve by using other SARS-CoV antigens, 
such as S1 and S2, as a suitable system for specific and sensitive 
serodiagnosis and epidemiological study of SARS-CoV. 
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